The Xfphage coat protein associated with infected cells could not be removed by washing with antiserum and tris-EDTA buffer. Although the infected cells were consecutively washed 6 times with tris-EDTA buffer, the ratios of parental phage 3H-DNA to 14C-protein were not changed. A considerable amount of the parental l~C-protein and ZH-DNA in the original ratio were detected in the membrane and the soluble cytoplasmic fractions of infected cells.
INTRODUCTION
It is well documented that tadpole-shaped phages (Christense & Tolmach, 1955; Simon & Anderson, 1967) and spherical phages (Edgell & Ginoza, i965; Newbold & Sinsheimer, 197o ) invade their hosts by leaving their protein coats outside the cells and transfer their nucleic acid into the cells. However, for filamentous phages the mechanism of this initial invasion step remains unresolved. Tzagoloff & Pratt 0964) first] carried out a HersheyChase type blender experiment and reported that the filamentous phage MI3 was similar to other phages in leaving most of its 35S-labelled protein coat on the exterior of the cells after infection. Trenkner, Bonhoeffer & Gierer (I967) conducted a double-labelling experiment with a filamentous phage fd and found that the ratio of phage 35S-protein to ZH-DNA did not change in 40 rnin p.i. They concluded that the entire phage penetrated into the host cells. Later, Henry & Brinton (1971) claimed that the protein coat of filamentous phage MI3 and fd could be removed from the exterior of the infected cells by washing. He concluded that the virions remained attached to non-retractile pili, which effected penetration of the DNA only.
Xf is a filamentous phage from Xanthomonas oryzae. Based on the wide host range of this phage and electron microscope observation of pilusless cells of Xanthomonas oryzae, Kuo, Huang & Chow 0969) suggested that penetration of Xf may differ from that of other filamentous phages. Recently, Bradley (I973) used specific antibody labelling to distinguish the pili from the phage and observed phage infection under the electron microscope. His results showed that the pf filamentous phages of Pseudomonas aeruginosa were attached at the pole of the cell after adsorption. Since Xanthomonas and Pseudomonas are fairly close phylogenetically, Bradley suggested that the penetration of both phages may be similar.
Since the initial infection process of the Xf filamentous phage of X. oryzae had not been studied, virtually no information of the phage penetration mechanism was available. The present investigation has been carried out to ascertain whether the Xfphages invade the host in their entirety or leave their protein coats outside the cells.
METHODS
Bacterium andphage. The filamentous phage Xf was used in all the experiments. It was grown and purified according to the method described by Kuo et al. (I969) . Xanthomonas oryzae strain 5o7, from this laboratory, was used. This strain has the advantage that its cell wall can be removed by lysozyme in a very short time: 99 ~ of the cells can be converted to spheroplasts within 2 min.
Culture media and washing solutions. PS medium containing potato extract from 2o0 g of fresh potato; sucrose, I5 g; Ca(NO3)2.4H20, 0"5 g; Na2HPO4.I2H~O, 2.0 g and agar, I5 g in I 1 of distilled water was used for plate culture and plaque assay. Synthetic medium containing (NH4)2HPO4, 3 g; KH2PO4, 2 g; MgC12.6H20, o.2 g; FeC13, o.ooI g; MnC12, o.ooi g; L-glutamic acid, I g; cysteine, o'o5 g; sucrose I5"o g; and tris (hydroxy methyl) aminomethane, I-2I g, in I 1 of distilled water was used for isotope labelling and phage penetration studies. The washing solutions used were prepared as follows: antiserum-chloramphenicol (Io -3 dilution of anti-Xf serum and 5 o #g/ml chloramphenicol), tris-EDTA-chloramphenicol-buffer (5o#g/ml chloramphenicol, o'oo5 M-EDTA in o'o5 M-tris-HCl-buffer at pH 8.o), tris-chloramphenicol buffer (5o #g/ml chloramphenicol in o.oi M-tris-HCl-buffer at pH 8.o), tris-sucrose-buffer (2o ~ sucrose in o.oI M-tris-HCl-buffer at pH 8.o).
Chemicals. Lysozyme was purchased from Sigma Chemical Company, chloramphenicol from Calbiochem, and 14C-L-valine, 14C-L-isoleucine, and 3H-thymidine from New England Nuclear Corporation.
Preparation of double-labelled phages. An overnight bacterial culture was used to inoculate a fresh Io ml culture in synthetic medium. This culture was kept at 28 °C with aeration. When the cell concentration reached 4 × Io 8 cells/ml, the bacteria were infected with Xf at Io p.f.u./bacterial cell. 3H-thymidine, l~C-isoleucine and l~C-valine were added immediately after phage infection at a final concentration of 4, 5 and 5 #Ci/ml, respectively. After Io h incubation, the lysate was spun at Io ooo g for 2o min to remove bacterial cells and debris. For further clarification, the above procedures were repeated once, then phages were precipitated by centrifuging at Iooooog for 3 h. The precipitate was resuspended in o-oi M-tris-buffer at pH 8.o, then mixed with optical grade CsC! to give a density of approx. 1-26 g/ml and spun in a Spinco SW 5o rotor at 4o ooo rev/min for 24 h. Fractions were collected and assayed for radioactivity and biological activity. The gradients produced a single peak of infectivity and radioactivity, and the ratio of 3H to 14C was uniform across the peak. The phage band was pooled together and dialysed against buffer to remove CsC1. Such a preparation yielded I x io TM p.f.u./ml at about 3 × Io8 ct/min/ml (14C count).
Preparation of host-phage complexes. Bacteria were grown in the synthetic medium at 28 °C with aeration. When the cell concentration reached 4 × IoS cells/ml, the cells were concentrated by centrifuging to 4 × io 9 cells/ml in a fresh synthetic medium. The cells were aerated at 28 °C for IO min and then infected with the double-labelled phages at a multiplicity of IO p.f.u./cell. After 4o min of further aeration, the culture was chilled in cold acetone. The cells were then washed with cold antiserum-chloramphenicol and tris-EDTAchloramphenicol-buffer to remove free and reversibly bound phages.
Scintillation counting. All counting was carried out with a Packard Model 3375 scintillation spectrometer. Background counts and overlap corrections were subtracted when necessary. Samples of o.I ml were dissolved in Io ml of Bray's scintillation fluid and then counted.
RESULTS

Washing phage-cell complexes with antiserum and tris-EDTA buffer
Two ml of bacterial culture (I × Io 9 cells/ml) were infected with double-labelled Xf phage at a multiplicity of Io and incubated for 4 ° rain (original phage-cell culture). The ceils were pelleted by centrifugation at 9ooo g for 5 min to give the 1st supernatant fraction. The cells were then resuspended in 2 ml of antiserum-chloramphenicol to inactivate the free phages to give the Ist precipitated cell fraction. The cells were pelleted again by centrifugation at 9000 g for 5 rain and then resuspended in 2 ml tris-bttffer (2nd precipitated cells). At each step a Ioo #1 sample was taken (5o/A for radioactivity measurement and 50 #l for assay of infective centre), then the samples were diluted with 5 ml of tris-EDTA-chloramphenicolbuffer and vigorously mixed with a tube-shaker for 5 min. The cells were pelleted by centrifugation and resuspended in 2 ml of tris-buffer (3rd precipitated cells). The washing procedure with tris-EDTA-chloramphenicol-buffer was repeated 6 times. The results are shown in Table I . Once parental phage protein was associated with host cells, removing such protein by washing with EDTA-tris-buffer was not easy. Based on tota! radioactivities of both 3H-DNA and ~C-protein, one third of the original phage was associated with bacterial cells 4 ° min p.i. Following repeated washing, only small amounts of both 3H-DNA and 14C-protein counts were lost, however, the ratios of ~H/14C after each washing remained constant. The decrease of radioactivity was caused by the loss of intact bacterial cells during washing. This was confirmed by the decrease of infective centres in these suspensions. The 3H/14C ratios in the original phage-cell culture and in the I st supernatant fluid were slightly higher than in the Ist precipitated cells. This was caused by the synthetic medium or antiserum which had different quenching effects on 3H and ~4C counting. After these substances were removed by subsequent washing, the 3H/24C ratio returned to normal.
Distribution of the 14C-protein and ~H-DNA & spheroplast lysate fractions
The above experiment clearly showed that the parental phage protein associated with host cells was not easily removed by washing; however, whether parental phage protein entirely entered into host cells was still unknown; therefore, the distribution of the 14C-protein and 3H-DNA in spheroplast lysate fractions was studied. The phage-cell complexes prepared as described in Methods were resuspended in tris-buffer containing 2o ~ sucrose. To this suspension 7 mM-EDTA and 2 mg/ml lysozyme were added. Two min later I5 mM-MgSO4 was added to stop lysozyme action. Under this treatment 99 ~ of cells were converted to spheroplasts. The resulting spheroplasts were washed once with tris-sucrose buffer and resuspended in tris buffer. The spheroplasts were osmotically shocked following this re-suspension. After centrifugation at I5ooog for Io min, the supernatant fluid was considered as the soluble cytoplasmic fraction and the sedimented substances were considered as the membrane fraction. At each step, the precipitated cells were resuspended to the initial volume with tris-chloramphenicol buffer, then o. I ml samples were taken for radioactivity measurement. The results are shown in Table 2 . With the EDTA washing, about Io ~o of the total count was lost; this was caused by the loss of intact bacterial cells during washing. At the spheroplast stage, 80 ~ of the count that was associated with the 3rd precipitated cells remained. Since the 3H/14C ratio did not change, the loss of 20 ~ count was probably caused by removal of some Xf attached to the cell walls or by the loss of intact cells. After bacterial cells were osmotically shocked and higher centrifugation force was applied to separate the membrane from the soluble cytoplasmic fraction, 65 ~o of phage protein count was associated with the membrane bound fraction and 35 ~ of phage protein count was in the soluble cytoplasmic fractions. The ~H/~C ratio was slightly changed in both membrane and soluble cytoplasmic fractions, 4o rain p.i.
Change of Xfl4C-protein and ZH-DNA ratios in the course of infection
Since the parental phage protein was detected in the soluble cytoplasmic fraction it was important to determine the time taken and the amount of the parental phage protein incorporated into the host cells. Therefore, the change of Xf 14C-protein and 3H-DNA ratio during the course of infection was followed. A log phase bacterial culture was prepared in synthetic medium. Seven millilitres of culture (I × Io 9 cells/ml) were infected with Xf at a multiplicity of IO. At o, 15, 3o, 6o, 90, I5O, and 14o min, I ml samples were taken and cooled immediately. The bacterial cells were sedimented by centrifugation at 4 °C. The radioactivity and phage titre of the supernatant fluids were measured. The radioactivity in the supernatant fluids was considered as the radioactive substances existing outside the cells. The precipitated cells were immediately washed with IO ml cold antiserum-chloram- Xf infection phenicol and with tris-EDTA-chloramphenicol-buffer twice to remove the free phages.
Finally the bacterial cells were resuspended in I ml of o.oI M-tris-buffer at pH 8.o; then o.I ml of samples were taken for measurement of radioactivity, which was considered as the radioactive substances existing inside the cells. The infective centres were also measured by plaque assay. The results are shown in Fig. t and Table 3 . Following phage infection, decrease of both phage 14C-protein and 3H-DNA in the supernatant fluid was parallel with the increase of both 14C-protein and 3H-DNA inside the cells. The level of aH-DNA inside the cells reached a maximum at 9o rain after phage infection and then dropped. Following a decrease of 3H-DNA inside the cells, an increase of 3H-DNA was detected outside the cells. The a4C-protein count i~.~ide the cells continued to increase up to 15o min incubation; a slight decrease was observed at z4o rain. After 9 o min of infection, while the parental phage protein remaining outside the cell continued to decrease, such protein that was inside the cell appeared to have undergone certain degradation and was partially removed with the wash-ing procedure intended for removing the free phages. As a result, the combined total protein counts decreased significantly after the 9o min time interval. In contrast to this phenomenon, the total counts of parental phage DNA remained essentially unchanged. This indicates that throughout the entire infection period, parental phage DNA was not degraded to such an extent that the degradative products could be washed out by antiserumchloramphenicol and EDTA tris-buffer from the initially precipitated cells. DISCUSSION Henry & Brinton (1971) reported that the efficiency of methods used for washing the filamentous phage infected cells for the removal of the 1;zotein coat is very low, but this does not mean that the protein coat is not removable at all. In their experiment, washing with o'o4 M-EDTA could remove 58 % of fd protein from infected cells. If the protein coat was really left outside the host cells, part of the protein coat would be washed out and the 3H/1~C ratio would be changed. In our washing experiments, although the infected cells were washed 6 times consecutively the 3H/14C ratio did not change. This result makes the contention that the phage protein coat was left outside the host cells very unlikely. Judging from the phage structure and the mode of phage attachment, the protein coat should be easily removed. The length of Xf phage is about 97o #m. Whether the phage is directly adsorbed on the cell wall or adsorbed to tips of the pill like other cotiphages (Caro & Schn6s, 1966; Meynell & Lawn, 1968) , such a long structure should be very sensitive to shear and subsequently easily removed from bacterial cells. Edgell & Ginoza (1965) reported that the spherical male-specific phage RI7, which attached along the sides as well as on the ends of pili (Crawford & Gesteland, 1964) , was sensitive to shear. Ninety-six per cent of the protein coat could be easily removed by shearing.
